Following acetylation, newly synthesized H3-H4 is directly transferred from the histone chaperone anti-silencing factor 1 (Asf1) to chromatin assembly factor 1 (CAF-1), another histone chaperone that is critical for the deposition of H3-H4 onto replicating DNA. However, it is unknown how CAF-1 binds and delivers H3-H4 to the DNA. Here, we show that CAF-1 binds recombinant H3-H4 with 10-to 20-fold higher affinity than H2A-H2B in vitro, and H3K56Ac increases the binding affinity of CAF-1 toward H3-H4 2-fold. These results provide a quantitative thermodynamic explanation for the specific H3-H4 histone chaperone activity of CAF-1. Surprisingly, H3-H4 exists as a dimer rather than as a canonical tetramer at mid-to-low nanomolar concentrations. A single CAF-1 molecule binds a cross-linked (H3-H4) 2 tetramer, or two H3-H4 dimers that contain mutations at the (H3-H4) 2 tetramerization interface. These results suggest that CAF-1 binds to two H3-H4 dimers in a manner that promotes formation of a (H3-H4) 2 tetramer. Consistent with this idea, we confirm that CAF-1 synchronously binds two H3-H4 dimers derived from two different histone genes in vivo. Together, the data illustrate a clear mechanism for CAF-1-associated H3-H4 chaperone activity in the context of de novo nucleosome (re)assembly following DNA replication.
INTRODUCTION
In eukaryotic cells, genomic DNA is organized into chromatin. The nucleosome comprises the primary repeating unit of chromatin that consists of 147 base pairs of DNA wrapped around a histone octamer of 2(H2A-H2B)(H3-H4) 2 . During mitotic and meiotic cell divisions, chromatin structures must be propagated to daughter cells in order to maintain gene expression states and genome integrity (1, 2) , but how epigenetically determined chromatin states are inherited during S phase remains unknown.
In order for the DNA replication machinery to access the genome, nucleosomes ahead of the approaching DNA replication fork must be temporarily remodeled or reorganized. Immediately following DNA replication, two independent pathways promote transfer of parental (H3-H4) 2 tetramers behind the departing replication fork and deposit newly synthesized H3-H4 molecules onto the replicated DNA to initiate nucleosome formation. The replication-coupled (RC) nucleosome assembly process plays an important role in the heritability of higher order chromatin structures (2) . Parental H3-H4 complexes are transferred as a complete (H3-H4) 2 tetramer unit, and do not combine with newly synthesized H3-H4 within (re)assembled nucleosomes (3) .
The deposition of non-parental H3-H4 molecules onto DNA requires histone chaperones (4) . Newly synthesized H3-H4 complexes first form a hetero-complex with the histone chaperone anti-silencing factor 1 (Asf1) (Asf1 H3-H4) (5) . Structural studies on the Asf1H3-H4 complex reveal that Asf1 binds an H3-H4 dimer through the H3 interface that is involved in the formation of (H3-H4) 2 tetramers (6). In vitro, Asf1 'disrupts' preformed (H3-H4) 2 tetramers via competition for a shared binding site (7, 8) . These results raise question as to where and how the (H3-H4) 2 tetramer is formed for nucleosome assembly.
In budding yeast, we and others have shown that the primary role of Asf1 is to stimulate acetylation of histone H3 lysine 56 (H3K56Ac) by presenting unmodified H3-H4 to the histone acetyltransferase Rtt109 for acetylation (9) (10) (11) (12) (13) . Once H3K56 is acetylated, deposition of the H3-H4 complex onto replicating DNA is performed by one of the two histone chaperones, chromatin assembly factor 1 (CAF-1) or Rtt106. Recently, we have shown that a Rtt106 dimer binds an (H3-H4) 2 tetramer in vitro and in vivo (14, 15) . However, it is unknown whether CAF-1 binds and deposits (H3-H4) 2 tetramers or H3-H4 dimers (16) .
CAF-1, first discovered in mammalian cells, is a highly conserved histone chaperone found in all eukaryotic cells (2, (17) (18) (19) (20) . CAF-1 consists of three subunits (Cac1, Cac2 and Cac3) in yeast. Both yeast and human CAF-1 bind H3-H4 and preferentially assemble nucleosomes onto replicating DNA (18) . The ability of CAF-1 to assemble nucleosomes depends on the direct interaction between CAF-1 and the proliferating cell nuclear antigen (PCNA), a protein that travels along with DNA replication forks and serves as a processivity factor for DNA polymerases (21, 22) . In addition to its role in DNA replication, CAF-1 is also critical for (re)assembly of damaged DNA into nucleosomes following repair processes. Furthermore, yeast cells lacking CAF-1 exhibit reduced silencing at telomeres, as well as at the silent mating type loci (18, 23) , suggesting that CAF-1 contributes to the inheritance and maintenance of silenced chromatin. CAF-1 participates in a wide array of cellular processes, and many of these roles are likely linked to the role of CAF-1 as a histone chaperone. Therefore, it is important to understand the mechanistic details of CAF-1 function with respect to nucleosome formation.
Here, we show that CAF-1 binds H3-H4 with high affinity (K d app = 5 nM), which is 20-fold tighter than its interaction with H2A-H2B in vitro. The acetylation of H3K56 increases the affinity by 2-fold.Under the same condition, and in the absence of CAF-1, H3-H4 exists predominantly as a heterodimer. Disruption of the H3:H3 0 interface involved in (H3-H4) 2 tetramerization and Asf1-H3-H4 complex formation does not affect the binding affinity of CAF-1 toward H3-H4, and CAF-1 binds to a single cross-linked (H3-H4) 2 tetramer with similar affinity. In vivo studies indicate that CAF-1 concomitantly binds two H3-H4 dimers, likely facilitating assembly of an (H3-H4) 2 tetramer prior to DNA deposition. Collectively, our data reveal the mode of histone chaperone activity by CAF-1 and the unexpected behavior of H3-H4 that requires this functionality.
MATERIALS AND METHODS

Reagents
All histones used in this manuscript were Xenopus laevis constructs prepared as described previously (24) . H3K56ac histone was prepared using methods published earlier (25) . Labeling mutations in H2B (T112C) and H4 (E63C) provided the means for adding fluorescent tags to the histone complexes of interest (26) .Alexa dyes were purchased from Invitrogen. The clear-bottom 384-well Sensoplate-Plus microplates used for the fluorescence titration assays were purchased from Greiner Bio-One.The Repel-polymer (RPT) micro-pipette tips used to avoid sticking by labeled histones and nucleosomes during preparation and experimentation transfer were purchased through USA Scientific.
CAF-1 expression and purification
The expression and purification of yeast CAF-1 in sf9 cells were done as described before (27) , with the following modifications. First, after optimizing expression of Cac1, Cac2 and Cac3, 1 l of sf9 cells were infected with optimal amounts virus for Cac1, Cac2 and Cac3. After 90 h of infection, cells were collected and nuclei were prepared as described. The nuclear pellet was resuspended in (5 ml/300 ml culture) extraction buffer (15 mM Tris-HCL, pH 7.5, 1 mM EDTA, 10% sucrose, 1 mM dithiothreitol, 0.1 mM PMSF, 400 mM NaCl). After clarification at 100 000g for 40 min, the supernatant was precipitated with 15% ammonium sulfate. The supernatant was adjusted to 65% saturation of ammonium sulfate. The precipitated proteins, which contained CAF-1, were recovered by spin 13 000 g for 30 min and resuspended in buffer B0 (20 mM HEPES, pH7.5, 1 mM EDTA, 1 mM DTT, 10% glycerol, 0.01% Triton X-100). After clarification, the supernatant was loaded onto a HiTrap SP column and proteins were eluted with a gradient of B100 to B1000. CAF-1 fractions were identified by Western blot analysis and pooled for overnight incubation with M2 resin from Sigma. CAF-1 was eluted with buffer B100 containing 1 mg/ml FLAG TM peptides. Eluted proteins were either dialyzed against a storage buffer (20 mM HEPES, pH7.5, 25 mM NaCl, 1 mM EDTA, 1 mM DTT, 10% glycerol) or loaded onto a gel filtration column for further purification. The purified CAF-1 complex is found to be >95% pure by SDS-PAGE analysis (Supplementary Figure S1) . The Cac1 subunit is purified in a similar manner to that of the complete CAF-1 complex. An optimized amount of Cac1 virus is added to sf9 insect cells and allowed to infect for 90-96 h. Following ammonium sulfate precipitation and resuspension into B0 buffer the Cac1 protein is added to a 5 ml HiTrap SP column for further purification. The Cac1 fractions were then incubated overnight with M2 resin, eluted with 0.5-1.0 mg/ml FLAG peptide, and analyzed for purity by SDS-PAGE. Dialysis into reaction buffer then follows.
High-throughput interactions by fluorescence intensity microplate titration assay
The microplates were prepared by a sequential wash protocol: (i) acid wash (1 M HCl), (ii) 1% Hellmanex wash and (iii) Sigmacote application.The wash steps involved 30-min soaks, followed by thorough rinsing with distilled water.The plates were then air-dried under an exhaust hood overnight.Titrations were set up by diluting a high concentration stock of unlabeled CAF-1 to a series of concentrations ranging from 1 to 1000 nM.The reaction conditions were as follows: 20 mM Tris pH 7.5, 150 mM KCl, 5% glycerol, 2 mM TCEP, 0.01% CHAPS and 0.01% octylglucoside.Labeled histones were added to the wells at a constant concentration between 0.2 and 1 nM with a final volume of 40 ml.The titration mixtures were allowed to equilibrate at room temperature for 30 min and then scanned in the plate using a Typhoon 8600 variable mode fluorimager. Binding events were measured as a function of the fluorescence change across the titration series.The fluorescence change was quantified using ImageQuant TL and the data were analyzed and displayed using Graphpad Prism. All experiments were performed in replicative quadruplicate. A more detailed explanation of the equations and reactions schemes is provided in our previous work (28, 29) .
Oligomeric state analysis of H3-H4 using low concentration size-exclusion chromatography Dilutions of in vitro refolded and Alexa-488 labeled (H4 E63C) H3-H4 were made to 50, 200, 400, 600, 800 and 1000 nM.In addition, two end-point concentrations (50 and 1000 nM) were made for in vitro refolded and 488-labeled L126R, I130R H3-H4 and cross-linked K115C (H3-H4) 2 . The cross-linking experiments were done as previously described (30) . For each concentration, 0.5 ml of sample was added to a pre-equilibrated Superdex 200 10/300 GL size-exclusion column (GE). The buffer conditions were held constant at 20 mM Tris pH 7.5, 400 mM NaCl and 1 mM TCEP. The samples were injected and run out onto the column at a rate of 0.5 ml/min.The eluate was collected in 0.25 ml fractions, and 0.1 ml were loaded into individual wells on a prepped microplate and scanned using a Typhoon 8600 variable mode fluorimager to monitor elution profiles. The raw data (fluorescence intensities) were quantified using ImageQuant TL and analyzed using Graphpad Prism. An example of the raw data (fluorescence scan) and SDS-PAGE confirmation of protein contents are shown in Supplementary Figure S2 .
H3-H4 binding by CAF-1, monitored by SEC-MALS
Purified CAF-1 was concentrated to 5 mM and dialyzed into the same reaction buffer used in the HI-FI (highthroughput interactions by fluorescence intensity) microplate titration assay except that KCl was maintained at 300 mM to prevent non-specific histone binding to the SEC resin. CAF-1 was mixed with an equal amount (1:1 stoichiometry) of H3-H4 (calculated as a tetramer). The mixture was allowed to equilibrate at room temperature for 30 min and added straight onto the Ä KTA purifier HPLC system. A Superdex S-200 10/300 GL size-exclusion column (GE Healthcare) was used to characterize the proteins. The proteins were continuously run at a flow rate of 0.5 ml/min from the S-200 column into an inline Dawn Heleos II (Wyatt Technologies) multi-angle light-scattering instrument, immediately followed by a REx refractive index detector (Wyatt Technologies).
In vivo CAF-1/H3-H4 immunoprecipitation assay
Cells from 3 l of yeast cells with Cac2-TAP grown in liquid YPD media were resuspended in an equal volume of IP buffer (25 mM Tris pH8, 100 mM NaCl, 1 mM EDTA, 10 mM MgCl2, 0.01% NP-40, 1 mM DTT, 1 mM PMSF, 1 mM Benzamidine, 1 mM pefabloc, 15 KU/ml Dnase I). To perform sequential immunoprecipitation, we first purified Cac2-TAP using IgG sepharose following a standard procedure (16, 31) . After the proteins were eluted with TEV protease, about one-third of the proteins were precipitated with trichloroacetic acid (TCA). The remaining proteins were immunoprecipitated using antibodies against the HA epitope fused at the C-terminus of HHT1 or HHT2. The HA beads were then washed 3 x times with IP buffer and proteins were detected by Western blotting using antibodies against CBP, H3K56Ac and HA.
RESULTS
The thermodynamics of binding and assembly of the histone H3-H4 complex by CAF-1
Through the use of a newly developed method designed to precisely measure the thermodynamic parameters of macromolecular complexes (HI-FI) (28,29), we determined the apparent dissociation constants (K d app ), Hill coefficients (n H ) and stoichiometries for several relevant CAF-1/histone interactions. Fluorescently labeled histone complexes are kept constant within the picomolar range (200-1000 pM) and titrated with CAF-1. The CAF-1 titration spans the nanomolar range and high-affinity interactions are classified as a K d app <100 nM.The thermodynamic values obtained are listed in Table 1 and clearly illustrate a quantifiable CAF-1 preference for a diverse set of H3-H4 constructs over H2A-H2B.
CAF-1 binds H3-H4 with high affinity
In agreement with previous evidence (19, 32, 33) , CAF-1 forms a stable interaction with the histone H3-H4 complex. Here, we quantitatively reveal that CAF-1 binds H3-H4 near the lower limit of the nanomolar range (5.8 nM), which is strikingly similar to the affinity of another histone chaperone, the structurally unrelated Nucleosome Assembly Protein 1 (Nap1) (25) . The affinity of CAF-1 for H2A-H2B is 20-fold lower than for H3-H4 as shown by the concentration shift of the CAF-1H2A-H2B titration curve ( Figure 1 ). The significant disparity between H3-H4 and H2A-H2B binding quantitatively confirms the notion of CAF-1 as a H3-H4-specific chaperone (2, 34) and suggests that highaffinity interaction requires more than the structurally conserved histone fold.
Acetylation of H3K56 increases the affinity of CAF-1 for the H3-H4 complex, whereas deletion of the histone tails has no discernible effect Acetylation of H3K56 (H3K56Ac) promotes chromatin assembly mediated by either the histone chaperone CAF-1 or Rtt106. In addition, replacement of H3K56 to arginine reduces CAF-1 association in vivo (16) . We measured the binding affinity of CAF-1 for H3-H4 in the absence and presence of H3K56 acetylation. H3(K56Ac)-H4 binds CAF-1 with 2.5-fold higher affinity than the non-acetylated wild-type H3-H4 complex ( Figure 2A and Table 1 ). Although the increase in binding affinity is relatively modest, CAF-1 must be able to release H3(K56Ac)-H4 onto DNA for chromatin assembly and a previously determined K d app for tetrasome formation under the same conditions measures 1 nM (35). Indeed, a low nanomolar limit on binding affinity for histone chaperones must exist to ensure that histones can be released for chromatin (re)assembly, and our numbers follow this basic assumption.
Post-translational modification of histone tails are known to regulate chromatin dynamics (36) . In addition, newly synthesized histones are specifically modified within the terminal tail regions (37) , and mutations at lysine residues within the H3 N-terminal region results in reduced interactions of CAF-1 with H3-H4 in vivo (38) . Under our conditions, removal of both H3 and H4 tails has little to no effect on CAF-1 binding ( Figure 2B and Table 1 ). The normalized titration curves are nearly superimposable, and the measured dissociation constants are within experimental error. These data are consistent with previous results showing that removal of both H3 and H4 tails does not significantly affect human CAF-1-mediated nucleosome assembly onto replicated DNA in vitro (21) . However, the 'addition' of acetyl groups onto the tails of H3 or H4 might provide additional sites of interaction with CAF-1.
Histones H3-H4 exist in a dynamic equilibrium between dimeric and tetrameric states H3-H4 exists within the nucleosome as a tetramer that is coordinated through a symmetrical H3-H3 0 four-helix bundle (39) . At high concentrations (>1mM) free H3-H4 exists as a stable homogenous tetramer, in contrast to H2A-H2B which remains dimeric (Supplementary Figure S3) . However, a step-wise decrease in the H3-H4 concentration (1 mM-50 nM) reveals that the (H3-H4) 2 tetramer dissociates into H3-H4 dimers upon dilution. Figure 3A shows the size-exclusion chromatography (SEC) profiles for fluorescently labeled H3-H4 samples spanning the nanomolar range at near physiological conditions. The elution peaks consistently shift from an elution volume of 14 ml (tetramer) to 16 ml (dimer). From these data, an H4-H3H3-H4 binding affinity within the mid-to-low nanomolar range can be estimated. This relatively low affinity of (H3-H4) 2 tetramer formation can most likely be attributed to the relatively sparse set of interactions that bridge adjacent H3-H4 dimers within the nucleosomal H3:H3 0 four-helix bundle (39) . We also tested cross-linked (XL) and mutant H3-H4 complexes for confirmation of their presumed oligomeric states.The XL (H3-H4) 2 (60-70% crosslinked by SDS-PAGE analysis) remains mostly tetrameric at low concentrations, though a 16 ml 'shoulder' arises, which is likely due to the proportion of the H3-H4 that was not cross-linked ( Figure 3B ). On the other hand, the H3(L126R, I130R)-H4 mutant, designed to disrupt the H3:H3 0 four-helix bundle (40) , effectively remains dimeric even at 1 mM ( Figure 3C ). These two reagents allow us to determine whether CAF-1 binds H3-H4 heterodimer(s) or a (H3-H4) 2 tetramer.
CAF-1 binds two H3-H4 dimers and one (H3-H4) 2 tetramer with similar affinities
The histone chaperone Asf1 binds a dimeric form of the histone H3-H4 complex and is responsible for supplying CAF-1 with newly synthesized H3-H4(6). CAF-1 delivers H3-H4 to DNA as a first step in nucleosome formation. However, it is not known whether CAF-1 delivers H3-H4 dimer or H3-H4 tetramers to DNA. To address this question, we compared CAF-1 binding to wild-type H3-H4, H3(L126R, I130R)-H4, and XL-(H3-H4) 2 .
Delayed elution profiles for the H3(L126R, I130R)-H4 double mutant from a Superdex 200 SEC column (when compared with wild-type H3-H4) reinforce a failure of this variant to form stable tetramers even at high concentrations where wild-type H3-H4 forms a tetramer (Supplementary Figure S2) . However, the results shown in Figure 3A predict that wild-type H3-H4 exists as a dimer at 0.5 nM concentration used in the binding experiments. Thus, we employed XL (H3-H4) 2 to test tetramer binding by CAF-1. Figure 4A (Table 1 ). This suggests that CAF-1 binds (H3-H4) 2 tetramers or H3-H4 dimers with similar affinity and that CAF-1 binding, unlike Asf1, does not prevent H3-H4 tetramerization. Cooperativity between H3-H4 dimers binding to CAF-1 cannot be observed in this experimental setup, because CAF-1 is titrated into a constant concentration of H3-H4. This is necessary due to the inability to specifically and singly label CAF-1 with a fluorescent probe. However, this manner of titration and the lack of cooperativity in these experiments (n H 1) suggest that only a single binding site for CAF-1 exists on H3-H4 or (H3-H4) 2 .
CAF-1 binds two molecules each of H3 and H4
Does CAF-1 function to assemble (H3-H4) 2 tetramers from H3-H4 dimers presented by Asf1? To answer this, we determined the stoichiometric ratios for the CAF-1H3-H4, CAF-1H3(L126R, I130R)-H4, and CAF-1XL (H3-H4) 2 complexes by raising the histone concentration from 5 -to 10-fold above the measured K d app (50 nM) and titrating in CAF-1 at increasing ratios. The observed fluorescent change upon binding will cease when the allotted binding sites on the histones are fully saturated. CAF-1 binds to the wild-type H3-H4 The oligomeric state of the histone H3-H4 complex is dynamic across the nanomolar range. The size-exclusion elution profile for wild-type H3-H4 gradually shifts toward the right upon dilution from 1000 nM to 50 nM. At 1000 nM, the H3-H4 complex elutes at a volume (14 ml) consistent with a tetrameric conformation. At 50 nM, the H3-H4 peak elutes at 16 ml, consistent with a dimeric state. Elution profiles for cross-linked (H3-H4) 2 tetramers remain at 14 ml at both 1000 and 50 nM (top right panel). The H3(L126R, I130R)-H4 double mutation prohibits H3:H3 0 four-helix bundle formation and thus precludes (H3-H4) 2 tetramer formation. This mutant histone complex elutes at 16 ml for both high and low concentrations (bottom right panel). complex with a 1:2 ratio (shown as 0.5:1 in Figure 4B ), which could have easily been misinterpreted as two (H3-H4) 2 tetramers binding a single CAF-1. However, this interpretation was ruled out through the SEC experiments shown in Figure 3A , which clearly establish that H3-H4 at 50 nM is dimeric under assay conditions. In support, two molecules of the H3(L126R, I130R)-H4 mutant dimer were found to bind CAF-1 ( Figure 4C ). When XL (H3-H4) 2 tetramers were used, the CAF-1: XL (H3-H4) 2 ratio is nearly 1:1 (0.8:1) (Figure 4D ), suggesting that one molecule of CAF-1 binds a complete (H3-H4) 2 tetramer. The lack of 100% cross-linking and low concentration could explain the slightly lower than expected ratio. These data reveal that CAF-1 concomitantly binds two H3-H4 dimers whether or not they are presented as a single (H3-H4) 2 tetramer, or as two H3-H4 dimers.The results lend support to the notion that Asf1 successively delivers two H3-H4 dimers to CAF-1 through their proposed non-overlapping H3-H4 binding sites (2).
CAF-1 binds a pre-assembled (H3-H4) 2 tetramer with a 1:1 stoichiometry in solution
In order to substantiate the results obtained in the HI-FI stoichiometric assay, we performed size exclusion chromatography linked multi-angle light scattering (SEC-MALS) experiments on reconstituted wild-type H3-H4, CAF-1 and a CAF-1H3-H4 mixture at concentrations >1 mM, under conditions where the vast majority of H3-H4 exists as a (H3-H4) 2 tetramer. CAF-1 clearly forms a complex that contains only one each of the three subunits.In contrast, the largest subunit of CAF-1, cac1, is a dimer in solution (Supplementary Figure S4 and Table 2 ), consistent with previous reports for the human/frog equivalent (41) . Our data clearly show that CAF-1 binds the (H3-H4) 2 tetramer with a 1:1 stoichiometry ( Figure 5A and Table 2 ). Whereas it is possible that CAF-1 requires separation of the (H3-H4) 2 tetramer into two H3-H4 dimers upon binding, this is doubtful because CAF-1 binds to XL (H3-H4) 2 with similar affinities (Table 1 ).The measured radius of the CAF-1(H3-H4) 2 complex (32.4 nm) is only slightly more extended than that of unliganded CAF-1 (30.0 nm) ( Figure 5B ).
CAF-1 binds two copies of the H3-H4 complex in vivo
To test whether CAF-1 binds an H3-H4 dimer or a (H3-H4) 2 tetramer in vivo, we performed sequential immunoprecipitation as outlined in Figure 6A . In yeast cells, there are two copies of the histone H3 genes, HHT1 and HHT2. In our system, one of the H3 genes is tagged with an HA epitope in order to differentiate between the two H3 protein products. CAF-1 bound to both H3 and H3-HA after IgG purification ( Figure 6A ). Subsequent immunoprecipitation of the H3-HA that co-purified with CAF-1 exposes co-precipitated H3 by western blot using antibodies against H3 and H3K56Ac. Previous experiments have shown that CAF-1 purifies from yeast cells without H2A-H2B, which helps rule out immunoprecipitation contamination by nucleosomal histones (31) . If CAF-1 only bound to a single H3-H4 dimer in vivo, one would expect that untagged H3 would not be purified with H3-HA during the second purification.However, the untagged H3 co-precipitated with H3-HA ( Figure 6B ), suggesting that CAF-1 binds two copies of H3-H4 as either a complete (H3-H4) 2 tetramer or as two distinct H3-H4 dimers.The two bound states of H3-H4 may not be mutually exclusive, but progressive, as CAF-1 may function by actively constructing (H3-H4) 2 tetramers ahead of chromatin assembly.
DISCUSSION
CAF-1 has been previously characterized as an H3-H4 specific histone chaperone with critical roles in nucleosome assembly during DNA replication (2).Our present data explain quantitatively the specificity of CAF-1 for H3-H4 over H2A-H2B and suggests a role for CAF-1 as an (H3-H4) 2 tetramer assembly factor. We show that CAF-1 binds H3-H4 with significantly higher affinity than H2A-H2B in vitro, and that acetylation of H3K56 further increases the binding affinity of CAF-1 with H3-H4. The role of CAF-1 as an (H3-H4) 2 tetramer assembly module is supported by the low propensity of unchaperoned H3-H4 dimers to form (H3-H4) 2 tetramers. Reinforcing this idea, a single CAF-1 complex binds two H3-H4 dimers or a single cross-linked (H3-H4) 2 tetramer with similar affinities. We also demonstrate that CAF-1 binds two copies of H3-H4 in vivo. In conclusion, our present data support a model in which CAF-1 acts to first assemble and then deposit an (H3-H4) 2 tetramer onto DNA for efficient nucleosome formation after DNA replication.
A dynamic equilibrium between H3-H4 dimers and (H3-H4) 2 
tetramers
Bound within the nucleosome or at high concentrations (>1 mM) free in solution, the H3-H4 histone complex exists in a tetrameric conformation (39, 42, 43) . The interface between H3-H4 dimers is formed exclusively from an H3:H3 0 four-helix bundle that buries a relatively small interface.Thus, free from nucleosomal confines, dissociation of (H3-H4) 2 tetramers occurs quite readily at mid-to-low nanomolar concentrations. Many histone binding proteins and chaperones bind H3-H4 with high affinity (<100 nM), which can easily lead to misinterpretation of binding affinities and stoichiometries due to the erroneous assumption that free H3-H4 always exists in the conformation established by the nucleosome. The histone chaperone Asf1 stably binds H3-H4 dimers and 'disrupts' (H3-H4) 2 tetramers in vitro; however, whether this is truly an active process and not simply the result of the selection of H3-H4 dimers from the equilibrium has not been investigated (6, 7) . In vivo, the low concentration of free histones imply that 'disruption' of an (H3-H4) 2 tetramer Figure 5 . Determination of the apparent molecular weight of CAF-1/H3-H4 complex using SEC-MALS. (A) The elution profiles for CAF-1 (gray) and H3-H4 bound CAF-1 (black). H3-H4 binding by CAF-1 results in earlier elution volumes (10 ml) than CAF-1 alone (12 ml), suggesting a larger molecular weight for the complex. Light scattering confirms a consistently larger molecular weight across the earlier eluting peak (Panel A, right axis and Table 2 ). (B) The same size exclusion peak profile as (A), but with the measured root mean square (RMS) radius for each peak highlighted on the right axis. The CAF-1/H3-H4 complex has only a slightly larger radius in solution than CAF-1 alone (Table 2) . The predicted molecular weights arise from the specific constructs utilized and then compared with the measured data to give the overall variance in percentage. The polydispersitiy of the individual peaks is given in percentage and the root-means squared (RMS) radius for each sample is provided in nanometers.
may not be necessary and Asf1 might well recognize the default state of H3-H4 (32, 44, 45) . In fact, assembly of (H3-H4) 2 tetramers onto DNA from a pool of H3-H4 dimers may be a previously unidentified step facilitated by CAF-1. A similar mechanism has recently been suggested for the two related histone chaperones Nap1 and Vps75, based on in vitro binding studies (40) . However, these chaperones do not function in tetrasome assembly in vivo, the biological relevance of this observation for nucleosome assembly is unclear.
Recent in vivo studies in Caenorhabditis elegans and human cell lines, in conjunction with previous biophysical analysis of the large subunit of both human and Xenopus laevis CAF-1 have suggested that metazoan CAF-1 functions through (H3-H4) 2 tetramer-induced dimerization of the CAF-1 complex (41, 46, 47) . In the most recent report (47) , mutations or deletions at the four-helix bundle interface that prevent (H3-H4) 2 tetramer formation hinder CAF-1-mediated nucleosome assembly. The exposed tetramer interface of CAF-1-bound H3-H4 dimer was thought to mediate interaction with another CAF-1-bound H3-H4 dimer producing a 2(CAF-1)(H3-H4) 2 complex. It was suggested that CAF-1 interactions with the mutant forms of H3-H4 that cannot form tetramers sequester CAF-1 molecules from nucleosome assembly functions, resulting in a dominant 'gain-of-function' phenotype of the mutant H3 alleles. Our present results regarding the interaction of tetramerization-deficient H3-H4 with CAF-1 are consistent with this previous work, although our results on CAF-1 dimerization lead us to a different interpretation. While we observe dimerization of the large subunit of yeast CAF-1 (Cac1) in vitro, this homodimeric state is abandoned in the presence of the other two CAF-1 subunits (Cac2 and Cac3), and the complex is composed of one copy of each molecule. In the absence of histones, CAF-1 elutes from the SEC column as a Cac1Cac2Cac3 trimer, and light scattering measures the molecular weight close to that of a single CAF-1 complex.SEC-MALS experiments on CAF-1, (H3-H4) 2 and the complex reveal a stable CAF-1(H3-H4) 2 A model for CAF-1-mediated tetrasome formation following H3-H4 dimer transfer from Asf1 during S phase
Tetrasome assembly is the rate-limiting step for nucleosome formation (2) . Immediately following DNA replication, nucleosomes are assembled onto the DNA template using both parental and newly synthesized H3-H4 molecules. Recently, it has been shown that parental (H3-H4) 2 tetramers are transferred as a unit onto replicated DNA and that new H3-H4 does not mix with parental H3-H4 to form 'hybrid-nucleosomes' (3). Nevertheless, how and when the (H3-H4) 2 tetramers are formed from newly synthesized histones is not clear. Newly synthesized H3-H4 first forms a hetero-complex with the histone chaperone Asf1. In the Asf1H3-H4 complex, Asf1 occupies the H3:H3 0 interface involved in formation of (H3-H4) 2 tetramers (6). We and others have shown that Asf1 is essential for acetylation of H3K56 and the association of CAF-1 with H3-H4 is significantly reduced in cells lacking Asf1 (16) . We propose that CAF-1 actively assembles (H3-H4) 2 tetramers from Asf1-transferred H3-H4 dimers. Using precise quantitative techniques, we show that acetylation of H3K56 moderately increases the binding affinity of CAF-1 for H3-H4; increasing the likelihood that CAF-1 will acquire H3-H4 directly from Asf1.Additionally, CAF-1 binds all forms of H3-H4 tested <10 nM and we establish here that wild-type H3-H4 is an obligate H3-H4 dimer at this concentration in vitro. Despite this fact, the CAF-1H3-H4 binding stoichiometry is 1:2 suggesting a mechanism for CAF-1 mediated (H3-H4) 2 tetramerization.We cannot formally rule out the possibility that two dimers of H3-H4 are bound independently, however, the cross-linked (H3-H4) 2 tetramer binds with similar affinity and a 1:1 stoichiometry. This implies that a high-affinity binding site for an (H3-H4) 2 tetramer, exists within CAF-1 that can also accommodate two H3-H4 dimers. The H3(L126R, I130R)-H4 mutant that cannot itself form tetramers in solution binds CAF-1 with a stoichiometry of 1:2 (CAF-1:H3-H4). Tetramerization of this mutant on 6) . After precipitation, H3 and H3-HA were detected by western blot using antibodies against H3K56Ac and both the HA-tagged and untagged H3 were found in complex with CAF-1.
CAF-1 (through formation of the four-helix bundle between H3 0 and H3) would have to accommodate the four arginine residues that were introduced at the H3:H3 0 tetrameric interface. This could occur through any of the many possible rotamer conformations observed for arginine side-chains, and through stacking of guanidinium groups.
Positioning two H3-H4 dimers in a manner that promotes (H3-H4) 2 tetramer formation for the purpose of deposition onto DNA may be an indispensable function of CAF-1. We have previously reported a 1 nM affinity for H3-H4 binding to DNA to form the tetrasome under identical conditions (35) , which thermodynamically supports CAF-1-mediated (H3-H4) 2 delivery. Tetrasome formation following CAF-1 release likely 'locks' (H3-H4) 2 into a more permanent tetrameric conformation that is not easily removed from DNA without ATP hydrolysis (35, 48) . We also demonstrate that in vivo, one CAF-1 molecule brings together two H3-H4 dimers expressed from different genes.It seems improbable that CAF-1 would bind two H3-H4 dimers simultaneously for the purpose of depositing only a single H3-H4 dimer. More probable is that (H3-H4) 2 tetramer formation is promoted during a sequential H3-H4 dimer transfer from Asf1 to CAF-1. This arrangement may provide a safe-guard mechanism ensuring that newly synthesized H3-H4 cannot mix with parental H3-H4 for nucleosome formation following DNA replication, as recently demonstrated (3).
The release of (H3-H4) 2 tetramers from CAF-1 may be further regulated to accommodate rapid tetrasome formation During S phase of the cell cycle, assembly of replicated DNA into nucleosomes is coupled to ongoing DNA synthesis, which occurs at rapid pace (2) . We show the binding affinity of CAF-1 toward new H3-H4 marked by H3K56Ac to be 2-3 nM, which is around 2-fold weaker than the dissociation constant for assembled tetrasome. The proximity of these affinities suggests that CAF-1 and DNA can compete for (H3-H4) 2 , which may slow the rate of deposition. This raises the question of how (H3-H4) 2 dissociates from CAF-1 to meet the demand of rapid nucleosome assembly. We reason that there are a number of possible mechanisms that could regulate the rapid discharge of (H3-H4) 2 from CAF-1. First, it is possible that post-translational modifications on histones H3 and H4, as well as on CAF-1 facilitate (H3-H4) 2 release from CAF-1. Supporting this idea, human CAF-1 binds less H3-H4 when H4 is acetylated by the Hat1 complex in vitro, suggesting that acetylation of H4K5 and K12 by Hat1 facilitates the dissociation of H3-H4 from CAF-1 (49) . Consistent with this idea, it has been shown that CAF-1 dissociates from replicating DNA prior to deacetylation of H4K5, K12Ac (50) . On the other hand, acetylation of H3 tails increases the association of CAF-1 with H3-H4 in vivo (38) . Thus, it is possible that acetylation of lysine residues in the H3 and H4 tails has opposite effects on the interaction with CAF-1. This could provide an explanation for our observation that removal of both the H3 and H4 tails does not significantly affect CAF-1 binding in vitro. Second, it is possible that a chromatin remodeling complex facilitates the discharge of H3-H4 from CAF-1. Several histone H3-H4 chaperones interact with specific chromatin remodeling complexes. For instance, the H3.3 chaperone Daxx interacts with chromatin remodeling complex ATRX (51) . Whereas it is proposed that ATRX-Daxx interaction helps to generate regularly spaced nucleosomes, it is also possible that ATRX facilitates the dissociation of H3-H4 from Daxx. Whether or not (H3-H4) 2 deposition via CAF-1 (or any other chaperone) is regulated beyond thermodynamic principles is yet to be settled and further research is required.
The interactions that direct the delivery of the H3-H4 complex are important for understanding the process of recurrent nucleosome assembly following genome replication and DNA repair. We have established a quantitative thermodynamic framework by which the histone chaperone CAF-1 operates. Acetylation of H3K56, which is promoted by Asf1 in vivo, increases the binding affinity of CAF-1 with H3-H4. Our data on the dynamic oligomeric state of H3-H4 lend credence to the necessity for an (H3-H4) 2 assembly factor; a role that can be effectively filled by CAF-1 and other histone chaperones such as Rtt106. Based on these results, we suggest that CAF-1 likely actively constructs and subsequently delivers (H3-H4) 2 tetramers onto DNA to facilitate nucleosome formation.
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